Through the isothermal ageing treatments at 873, 923, 973, and 1023K, precipitation of sigma (σ) phase in type 316FR stainless steel weld metal was examined based on the kinetics approach. Microstructural examination was performed by scanning electron microscopy (SEM), electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM). The dominantly precipitated phases were sigma (σ) and chi (χ), nucleated at δ-ferrite/austenite (γ) interface or interior of the δ-ferrite grains, consuming the δ-ferrite during isothermal holding at each of ageing temperature. The total amount of intermetallic phases precipitated during isothermal ageing sigmoidally increased as a function of the ageing time. Precipitation of these intermetallic phases could be approximately followed by Johnson-Mehl equation. Based on the determined kinetic equation, precipitation behavior of intermetallic phases at service-exposure temperature could be successfully predicted.
Introduction
An advanced type 316FR austenitic stainless steel which has improved creep rupture properties compared with other austenitic stainless steels is hopefully applied to the next generation of commercial fast breeder reactor (FBR, using fast neutrons that breed Pu-239 from U-238) in Japan [1] . Especially, the weld metal of type 316FR stainless steel is intentionally rendered inhomogeneity by introducing some amount of δ-ferrite in order to avoid hot cracking [2] . This issue would promote the transformation of intermetallic phases such as sigma (σ) and chi (χ) under the high temperature range from 873 K to 1173 K, which could also affect various mechanical and chemical properties [3] . Since FBR is commonly operated at the temperature between 773 K and 823 K, to clarify and predict the degree of precipitation are therefore necessary to forecast the potential decrease in materials' performance during in service of FBR.
In the present study, precipitation behavior of σ phase in Type 316FR stainless steel weld metal was predicted by the kinetic approach.
Experimental procedure
The investigated material was type 316FR stainless steel with following composition in mass percent: 0.0085C; 17.5Cr; 12.0Ni; 2.1Mo; 0.4Si; 0.8Mn; 0.09N; 0.023P; 0.0009S; balance Fe. Prior to performing ageing treatments, bead-on-plate weld metals were prepared using a gas tungsten arc welding (GTAW). The weld metals were aged at 873, 923, 973, and 1023 K for 0.5-1532 h in argon atmosphere and quenched with water.
To clarify microstructure change with the ageing treatment, specimens were observed by scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), and transmission electron microscopy (TEM). The amount of δ-ferrite in the as-welded and aged specimens was measured using the magnetic induction method (ferrite scope) in the central area of the weld bead. above, two kinds of precipitates were observed, namely, one 
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Crystallographic orientation relationships
To elucidate microstructural characteristics in the weld metal during ageing treatment, crystallographic features among constituent phases were investigated. relationship between χ and δ-ferrite is established [3, [5] [6] [7] .
Therefore, due to this perfect continuous of crystal structure, the same crystallographic orientation relationship was also deduced between χ and γ phases. In other words, the orientation relationship between γ and χ phases (K-S relationship) was originated from the cube-on-cube orientation relationship between χ phases and δ-ferrite. This relationship was also identified by pole figure (3) from the mixed microstructure of both χ phase and δ-ferrite. Therefore, χ phase precipitation from δ-ferrite at the initial stage of ageing was also explained by the condition of the perfect continuity (coherency) of transformation interface between χ and δ-ferrite [3, [5] [6] [7] .
The orientation relationship between σ and γ phases was
Therefore, the characteristic of σ phase precipitated at γ/δ-ferrite interface at beginning stage of precipitation was originated from preferred orientation relationship between σ and γ. It follows that microstructural characteristics of precipitation behavior described in Fig. 2 could be fully explained by crystallographic orientation relationship among constituent from EBSD analysis.
Change in amount of precipitates with ageing
Fig . 4 shows the change in volume fraction of precipitates χ and σ phases. As mentioned above for the description of Fig. 2 , the amount of χ phase decreased with an increase in ageing time after slight increase at any ageing temperatures. However, the amount of σ phase continuously increased as ageing time increased. In other words, precipitation behavior was almost governed by precipitation of σ phase. Therefore, quantification of the σ phase precipitation in the weld metal could be approximated by the decomposed fraction of δ-ferrite as shown in Fig. 4 . Namely, the fraction of the decomposed δ-ferrite increased sigmoidally with an increase in the ageing time at all the ageing temperatures, and saturated for long-term ageing at 973 K and 1023 K.
Kinetic approach to precipitation behavior
Kinetic models and equations have been proposed for various that these kinetic equations can be generally expressed by [8] [9] [10] :
where y is phase fraction transformed, k is rate constant described by Arrhenius equation, k 0 is the pre-exponential factor, Q is the activation energy, n is time exponent depending on the nucleation mechanism and growth processes, m is impingement exponent, t (4) and (5) can be rewritten as Eqs. (6), (7) and (8) respectively. If these rewritten equations can be fitted as straight line, the time exponent n can be evaluated from the slope of those plots. 773 K and 823 K. In particular, it took 15 months to reach 50 % δ-ferrite decomposition at 773 K, however it took only 1 month at an operating temperature of 823 K to arrive at the same decomposition rate.
Conclusions
In ageing treatment of type 316FR stainless steel weld metal, 
